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ELECTROSTATICALLY ACTUATED SHUTTER AND ARRAY 
FOR USE IN A DIRECT OXIDATION FUEL CELL 

BACKGROUND OF THE INVENTION 

Field of the Invention 

This invention relates generally to fuel cell systems, and more particularly, to 
control of vapors and gases involved in the operation of the fuel cell system. 

Background Information 

Fuel cells are devices in which an electrochemical reaction involving a ftiel mole- 
cule is used to generate electricity. A variety of compounds may be suited for use as a 
fuel depending upon the specific nature of the cell. Organic compounds, such as metha- 
nol or natural gas, are attractive fuel choices due to the their high specific energy. 

Fuel cell systems may be divided into "reformer-based" systems (i.e., those in 
which the fuel is processed in some fashion to extract hydrogen from the fuel before it is 
introduced into the fuel cell system) or "direct oxidation" systems in which the fuel is fed 
directly into the cell without the need for separate internal or external processing. Many 
currently developed fuel cells are reformer-based systems. However, because fuel proc- 
essing is complex and generally requires components which occupy significant volume, 
reformer based systems are presently limited to comparatively large, high power applica- 
tions. 

Direct oxidation fuel cell systems may be better suited for a number of applica- 
tions in smaller mobile devices (e.g., mobile phones, handheld and laptop computers), as 
well as in some larger scale applications. In many direct oxidation fuel cells, a carbona- 
ceous liquid fuel (typically methanol or an aqueous methanol solution) is introduced to 
the anode face of a membrane electrode assembly (MEA). 

1 
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One example of a direct oxidation fiiel cell system is a direct methanol fuel cell 
system, or DMFC system. In a DMFC system, methanol or a mixture comprised of 
methanol and water is used as fuel (the "fuel mixture'*), and oxygen, preferably from am- 
bient air, is used as the oxidizing agent. The fundamental reactions are the anodic oxida- 
5 tion of the fuel mixture into CO2, protons, and electrons; and the cathodic combination of 
protons, electrons and oxygen into water. 

Typical DMFC systems include a fuel source, fluid and effluent management sub- 
systems, and air management sub-systems, in addition to the direct methanol fuel cell it- 
self ("fuel cell"). The fuel cell typically consists of a housing, hardware for current col- 

10 lection and fuel and air distribution, and a membrane electrode assembly ("MEA"), 
which are all typically disposed within the housing. 

The electricity generating reactions and the current collection in a direct oxidation 
fuel cell system take place within and on the MEA. In the fuel oxidation process at the 
anode, the products are protons, electrons and carbon dioxide. Protons (originating from 

15 fuel and water molecules involved in the anodic reaction) migrate through the catalyzed 
membrane electrolyte, which is impermeable to the electrons. The electrons travel 
through an extemal circuit, which includes the load, and are united with the protons and 
oxygen molecules in the cathodic reaction, thus providing electrical power from the fuel 
cell and water product at the cathode of the fuel cell. 

20 A typical MEA includes a centrally disposed protonically-conductive, electroni- 

cally non-conductive membrane ("PCM", sometimes also referred to herein as "the cata- 
lyzed membrane"). One example of a commercially available PCM is Nafion ® a regis- 
tered trademark of E.I. Dupont de Nemours and Company, a cation exchange membrane 
based on polyperflourosulfonic acid, in a variety of thicknesses and equivalent weights. 

25 The PCM is typically coated on each face with an electrocatalyst such as platinum, or 
platinum/ruthenium mixtures or alloy particles. On either face of the catalyst coated 
PCM, the electrode assembly typically includes a diffusion layer. The diflfusion layer on 
the anode side is employed to evenly distribute the fiiel mixture across the catalyzed an- 
ode face of the PCM, while allowing the gaseous product of the reaction, typically carbon 

30 dioxide, to move away from the anode face of the PCM. In the case of the cathode side, a 
wet-proofed diffusion layer is used to allow a sufficient supply of oxygen by minimizing 
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or eliminating the build-up of liquid, typically water, on the cathode aspect of the PCM. 
Each of the anode and cathode difiusion layers also assists in the collection and conduc- 
tion of electric current from the catalyzed PCM. 

Direct oxidation fuel cell systems for portable electronic devices should be as 
5 small as possible at the power output required. The power output is governed by the rate 
of the reactions that occur at the anode and the cathode of the fuel cell. More specifi- 
cally, the anode process in direct methanol fuel cells based on acidic electrolytes, in- 
cluding polyperflourosulfonic acid and similar polymer electrolytes, involves a reaction 
of one molecule of methanol with one molecule of water. In this process, the oxygen 
10 atom in the water molecule is electrochemically activated to complete the oxidation of 
methanol to a final CO2 product in a six-electron process, according to the foUovving 
chemical equation 

(1) CH^OH^H^O^CO^ +6i/^+6e-^ 

A passive fuel cell system that uses high concentration fuel without the need for 
15 extemal water recirculation loops has been described in commonly-assigned United 
States Patent Application No. 10/413,983 filed on April 15, 2003 by Ren et al. for a 
DIRECT OXIDATION FUEL CELL OPERATING WITH DIRECT FEED OF 
CONCENTRATED FUEL UNDER PASSIVE WATER MANAGEMENT, which is in- 
corporated herein by reference. That application describes a passive direct oxidation fuel 
20 cell system that uses a passive mass transport barrier element disposed between the fuel 
source and the anode aspect of the catalyzed membrane electrolyte. In one embodiment 
of that invention, the passive mass transport barrier is described as a methanol vapor de- 
livery film. 

Another method and apparatus for delivering a vaporous fuel to a direct oxidation 
25 fuel cell was described in commonly-assigned United States Patent Application No. 

10/688,433 filed on October 17, 2003 by Becerra et al. for a FUEL SUBSTANCE AND 
ASSOCIATED CARTRIDGE FOR FUEL CELL, which is incorporated herein by refer- 
ence, which describes a unique fuel substance to which a thickening agent is added to 
form a gel fuel. When the gel fuel is placed in a fuel refill, a highly concentrated vapor- 



3 



PATENT 
107044-0042 

ous fuel substance is delivered to a fuel cell or array of fuel cells and the associated fuel 
cell system. In such applications, one goal is to deliver sufficient fuel for operation to 
each fuel cell, and may be accomplished by feeding the fiiel perpendicular to the major 
surface of the MEA (known as "face feeding"). Another benefit of face feeding is to 
5 maximize the even distribution of the fuel to the active anode aspect of the catalyzed 
membrane. 

However, the rate at which fuel is delivered using face feeding fuel delivery sys- 
tems is difficult to control using methods known in the art. In addition to providing an 
even distribution of fuel, the correct amount of fuel delivered is also important to control 

10 because the efficiency of a direct methanol fuel cell is dependent in part upon the amount 
of methanol present at the anode catalyst. If more methanol is present than is needed for 
electricity generation, the excess will not be used for electricity generation, but instead 
passes through the catalyzed membrane. When excess methanol crosses over the cata- 
lyzed membrane, it reacts with oxygen in the presence of the catalyst present on the cath- 

15 ode side, generating heat and water. This reaction is normally not desirable as it leads to 
the waste of fuel. In addition, excess water may result in cathode flooding, which inhibits 
the introduction of oxygen to the cathode aspect of the fuel cell, thus limiting the per- 
formance of the fiiel cell system. Furthermore, excess heat can diminish performance of 
the fuel cell and fuel cell system in both the short and long term. It is further desirable to 

20 be able to control the amount of fuel delivered to the fuel cell in response to operating 
parameters of the system, including but not limited to the current that is demanded from 
the fuel cell, and ambient environmental conditions. Accordingly, improving control of 
the flux of methanol that is delivered to the fuel cell system is desirable. 

In addition, it is difficult to stop the flow of fuel in present face feed fuel delivery 
25 systems, making it difficult to shut the fuel cell and fuel cell system down when neces- 
sary or desirable. This may be of import, for example, when a fuel cell is used as a com- 
ponent in a hybrid power source and the battery is fully charged, then it would be advan- 
tageous to be able to substantially completely stop the fuel feed. Thus, fuel delivery is 
interrupted to conserve fiiel. It may be further desirable to stop the flow of fuel to the 
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anode aspect of the ME A in response to certain environmental conditions. Some of these 
disadvantages may also occur in face fed systems that use a liquid fuel feed. 

One manner in which fuel delivery can be controlled was described in commonly- 
owned United States Patent Application No. 10/413,986 by Hirsch et al. for a VAPOR 

5 FEED FUEL CELL SYSTEM WITH CONTROLLABLE FUEL DELIVERY filed on 
April 15, 2003, which is incorporated herein by reference. An adjustable fuel delivery 
regulation assembly is described therein that controls the fuel delivery to the anode aspect 
of the catalyzed membrane using an adjustable structure that, in one embodiment, in- 
cludes two correspondingly perforated components that slide with respect to one another, 

10 so that when the perforations are Uned up apertures are created for fuel flow. When the 
perforations are completely askew, there are no openings through which fiiel can flow. 
When aligned, fuel may be delivered through the aligned perforations at the maximum 
rate allowed by the area of the overlapping apertures. It is also possible to orient the per- 
forations in a manner that allows a partial overlap, where the fuel is delivered at a desired 

15 rate that corresponds to the degree of overlap of said perforations. The structures are me- 
chanically actuated, and the parts move relative to one another, in some embodiments, 
externally to the fuel cell system. 

However, it may be desirable to provide a mechanism to control face feeding of a 
direct oxidation fuel cell where the actuation of the shutter does not include externally 

20 moving parts, and consumes less volume in the fuel cell, and is less complex mechani- 
cally. Mechanical actuators, such as those presently used increase the complexity of the 
system, and if motors are used to adjust the degree to which a valve is open, they require 
more power than is desirable. Further, the displacement of the moving parts, including 
but not limited to a shutter, requires additional space within the fuel cell system. As 

25 noted herein, fuel cell systems, particularly direct oxidation fiiel cell systems, are par- 
ticularly suited for small handheld electronic devices in which power requirements and 
form factors are both critical. Thus, it would be an advantage to have a suitable shutter, 
which does not require that large portions of the respective components move past each 
other along a major surface. There are also engineering challenges faced with respect to 

30 providing a substantially complete seal between moving parts. 
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It has otherwise been known to provide piezoelectric or other types of mechanical 
valves to regulate the flow of fuel into a fuel cell system, however, there are certain unde- 
sirable complexities associated with such valve types as well as with the shutters de- 
scribed herein. 

5 Further, there remains a need for regulating the rate at which a vaporous fuel is 

fed in a vaporous fuel feed in a fuel cell system that is fed using a face feeding system. 
Accordingly, there remains a need for an apparatus for controlling the amount of fuel that 
is delivered to the anode aspect of the catalyzed membrane in a direct oxidation fuel cell 
system that is not mechanically driven and which has fewer moving parts and lower vol- 

10 ume than presently available solutions.. It is thus an object of the invention to provide a 
fuel cell system that includes such a mechanism for controlling the rate of delivery of fuel 
to the fuel cell. 

SUMMARY OF THE INVENTION 

The disadvantages of prior techniques are overcome by the present invention, which pro- 
is vides a unique, wide area electrostatically-actuated shutter for a fuel cell system. More^ 
specifically, the electrostatically-actuated shutter of the present invention includes a thin, 
flexible, diaphragm comprised of a thin conductive layer sandwiched by thin dielectric 
layers, disposed between two rigid electrode structures. The diaphragm has a set of ap- 
ertures that are created using conunercially known methods. These openings overlap 
20 with corresponding openings formed in one of the rigid electrodes such that when the 
diaphragm is contiguous to that electrode, the openings provide apertures through which 
vaporous fuel (or other gases) can flow. The opposite electrode does not have overlap- 
ping openings, thus when the diaphragm is held against the opposite electrode, a seal is 
formed that prevents gas or vapor from passing through. 

25 The shutter is actuated electrostatically when an associated driver applies a first 

voltage to the diaphragm such that the diaphragm is attracted to one of the fixed elec- 
trodes that is held at a different potential. Alternatively, the diaphragm is attracted to the 
opposite electrode when it is set at the first voltage. Accordingly, the diaphragm is actu- 
ated using the electrostatic forces established within the device. 
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The invention may be embodied in a number of different ways. For example, the 
shutter may be a structure comprised of a diaphragm that is disposed between two rela- 
tively planar electrodes that include features as needed to space the electrodes enough 
apart to allow the diaphragm to travel, but sufficiently close to allow the electrostatic 

5 forces to pull the diaphragm as desired. In another embodiment, the shutter includes 
fixed electrodes which have a plurality of concave and/or convex features which also aid 
in providing spacing. In that embodiment of the invention, a first sheet of a rigid, con- 
ductive material is molded or stamped to contain a plurality of dome-like cavities that 
form a first fixed electrode. A second sheet of rigid, conductive material contains a sec- 

10 ond fixed electrode. The flexible diaphragm is sandwiched between the two electrodes, 
and the dome-like features in the fixed electrodes accommodate the shape of the flexed 
diaphragm when it is pulled toward that electrode. The conductive surfaces may be 
coated with a thin dielectric layer to prevent shorting where applicable. The rigid elec- 
trodes are then bonded together, making the entire vmit a self-contained gas/vapor valve, 

15 which requires no extemal support. The electrostatic force is uniform over the surface of 
the diaphragm so that the flexible diaphragms conform to the rigid electrodes to form a 
robust seal. This shutter can be placed across a planar array of fiiel cells to thereby con- 
trol and evenly distribute the fiiel vapor that is delivered to the anode aspect of the cata- 
lyzed membrane. In another embodiment a diaphragm can include open strips that corre- 

20 spond with strips or openings on the electrodes to open and close the shutter. A dual dia- 
phragm configuration and a normally closed configuration are also described. 

In accordance with another aspect of the invention the shutter can be used on the 
cathode side of the direct oxidation fuel cell system to assist in managing the water bal- 
ance in the fiiel cell system, with appropriate design adaptations for the cathode water 
25 and oxygen management. 

In a direct oxidation fiiel cell system, the electrostatically-actuated shutter may be 
disposed within the fixel cell system itself in the anode vapor chamber, which exists be- 
tween the fiiel source and the anode aspect of the catalyzed membrane electrolyte. If it is 
so disposed, the action of the diaphragm may assist in mixing the carbon dioxide, water 
30 and the fiiel substance in the anode gap. Alternatively, the shutter can be disposed within 



7 



PATENT 
107044-0042 

a fuel refill that contains the fuel supply and which can be connected to the fuel cell sys- 
tem. . 

The frequency of the operation of the electrostatically-actuated shutter can be 
controlled by an associated driver which applies a voltage to the electrodes and which 
operates in a pulse-width modulation (P WM) and/or a pulse-frequency modulation 
(PFM) mode for establishing a temporally uniform feed rate. In this way, the on versus 
off ratio, i.e. the ratio of time that the valve is open as opposed to closed, of the elec- 
trostatically-actuated shutter can be finely tuned to quantitatively control the fuel vapor 
delivery rate. There are also fully opened or fully closed positions that can be used in 
appropriate circumstances. The device is a comparatively low power solution for con- 
trolling the rate of fuel delivery to the anode aspect of the fuel cell. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention description below refers to the accompanying drawings, of which: 
Fig. 1 is an isometric illustration of the electrostatically-actuated shutter of the 
15 present invention; 

Fig. 2 is a top plan view of a diaphragm for use within the shutter of the present 
invention; 

Fig. 3 is a schematic side section of one portion of a shutter in accordance with 
the present invention; 

20 Fig. 4A illustrates, in side section, the domed cavities of the rigid electrodes and 

the diaphragm of the present invention; 

Fig. 4B illustrates the shutter of the present invention in a closed position; 

Fig. 4C illustrates the shutter of the present invention in an open position; 

Fig. 4D illustrates another embodiment of the shutter of the present invention in 
25 which separate drivers are used to control the voltage of each electrode and of the dia- 
phragm; 

8 
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Fig. 4E is a schematic side section of the dual diaphragm configuration of the pre- 
sent invention in a closed position; 

Fig. 4F is a schematic side section of the dual diaphragm configuration of the pre- 
sent invention in an open position; 

Fig. 4G is a schematic side section of another configuration of the present inven- 
tion having a normally closed position; 

Fig. 4H is a schematic side section of another configuration that shows a large 
diaphragm with multiple openings capable of covering the entire fuel cell area; 

Fig. 5 A is an exploded isometric view of a shutter of the present invention that in- 
cludes a slotted diaphragm that is disposed across standoff features; 

Figs. 5B and 5C are side sections of the device of Fig. 5 A depicting the two posi- 
tions of the diaphragm; 

Fig. 5D is a sectional view of the device of Fig. 5 A taken along lines A-A of Fig. 

5B; 

Fig. 5E is a sectional view of the device of Fig. 5 A taken along lines B-B of Fig. 

5C; 

Fig. 6A illustrates a fuel cell system of the present invention incorporating the 
electrostatically-actuated shutter; 

Fig. 6B is a schematic illustration of another embodiment of the present invention 
in which the shutter is contained within the fuel refill; and 

Fig. 7 is a schematic illustration of another embodiment of the present invention 
in which the shutter is contained on the cathode side of the fixel cell system. 

DETAILED DESCRIPTION OF AN ILLUSTRATIVE 

EMBODIMENT 

The illustrative embodiment of the invention is described with reference to a di- 
rect oxidation fuel cell, which uses a carbonaceous fuel, such as a highly concentrated 
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methanol vapor as the fuel powering the fuel cell. However, it should be understood that 
the device of the present invention may be used with other fuel substances such as carbo- 
naceous fuel substantially comprised of alcohol, such as methanol and ethanol, alcohol 
precursors, dymethyloxylmethane, methylformate or combinations thereof and aqueous 
solutions thereof, and other carbonaceous substances amenable to use in direct oxidation 
fuel cells and fuel cell systems. The invention is applicable to face fed systems that may 
have a vapor feed, or liquid fuel feed and may have passive water management, or active 
recirculation. The invention is also applicable to other types of fuel cell systems. In ad- 
dition, the invention is described with reference to use with a planar fuel cell array, but 
could also be used with an individual fuel cell. 

It should be imderstood that the shutter of the present invention may be embodied 
in a number of different configurations, but each shutter includes a diaphragm disposed 
between two fixed electrode components, and the diaphragm has openings that corre- 
spond with openings in one of the fixed electrode components, and not the other. 

For example. Fig. 1 is an isometric illustration of the electrostatically-actuated 
shutter 100 of the present invention. The electrostatically-actuated, wide-area, multi- 
ported shutter 100 includes a single diaphragm disposed between two fixed electrodes 
that have an array of convex structures such as 102 and 104, illustrated in Fig. 1 . The 
overall shape of the convex structures 102, 104 as depicted in Fig. 1 are substantially 
round, however, each convex structure may be of other geometries, including but not 
limited to ovals, parallelograms, and irregular shapes, while remaining within the scope 
of the present invention. One embodiment of the pattern of openings in the diaphragm 
that would be aligned with a convex structure is shown in Fig. 2. The diaphragm 200 is a 
thin, flexible, element which is substantially comprised of a dielectric material such as a 
polyimide, one example of which includes, but is not limited to Kapton® available from 
E.I. DuPont de Nemours and Company, but there are many other materials, such as Par- 
ylene, that may be employed instead within the scope of the invention. Embedded within 
the dielectric material is a conductive layer that is connected to an electrical driver cir- 
cuit. 
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The portion of the diaphragm 200 includes a set of openings, such as the openings 
202 and 204. These openings correspond with similarly located openings in a convex 
structure of one fixed electrode not shown in Fig. 2), as will be described herein. It 
should be understood, however, that these openings 202, 204 also need not be of a round 
shape as illustrated, but instead may be of any other suitable shape or shapes, while re- 
maining within the scope of the present invention. Also, more than one diaphragm layer 
may be incorporated into the shutter so that the two diaphragms are sandwiched between 
two fixed electrodes, and this is discussed herein with reference to Figs. 4E and 4F. 

A portion of the shutter of the present invention is shown schematically in Fig. 3. 
An electrostatically-actuated shutter portion 300 includes a centrally disposed dielectric 
diaphragm 302. Openings 304 and 306 in the diaphragm 302 correspond to the openings 
202, 204 of Fig. 2. For the purpose of simplicity of illustration, a few openings are shown 
in the schematic of Fig. 3, but the actual shutter would likely contain a greater number of 
openings. A first fixed electrode 310 includes corresponding openings 314 and 316 
(there would be more in an actual shutter) such that when the diaphragm 302 is pulled 
towards the first fixed electrode 310, the openings 304, 306 are aligned with the openings 
in the electrode 3 14, 3 16 in such a manner that fuel fi-om the fuel source, can flow in the 
directions of arrows A and B through the openings in the diaphragm of the shutter to an 
exit port 320, and towards the anode aspect of the fuel cell in the direction of arrow C. 
The arrows are for illustrative purposes, and it should be imderstood that the flow of fluid 
through the shutter is bidirectional. In the simplified embodiment, just one exit port is 
illustrated whereas the actual shutter would contain a number of openings that provide a 
uniform distribution of fuel vapor across the fuel cell array or individual fuel cell in a 
controlled fashion. In the illustrative embodiment the exit port is located in the opposite 
fixed electrode 340. 

Though the electrodes are represented in Fig. 3 as being a constant distance from 
each other, where neither touches the diaphragm, it is within the scope of the invention 
that the electrodes may be of different distances from each other at various points in the 
shutter and physically contact the diaphragm at one or more points. 
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As shown in Fig. 3, the second fixed electrode 340 contains the exit port 320, 
which may comprise a number of openings. Thus, when the diaphragm 302 is pulled to 
the second fixed electrode 340, the central portion of the diaphragm 305 blocks and thus 
seals the exit port 320 such that no vapors or gases will flow therethrough. This seals the 
shutter exit port 320 and prevents the passage of fluid through the assembly. As noted, 
while Fig. 3 shows only a single exit port 320, and two openings 3 14, 3 16, it is contem- 
plated that each array will incorporate multiple exit ports and openings. 

The fixed electrodes 310 and 340 are formed in any desirable shape which allows 
the flexed diaphragm to be pulled toward that electrode and to remain stationary and in 
good contact in order to provide a seal especially when the shutter is closed, so that gas or 
vapor is prevented from passing through it. Although the fixed electrodes are shown as 
flat in the embodiment Fig. 3 for purposes of illustration, the fixed electrodes may be 
shaped in a variety of other geometries, as described herein. 

The fixed electrodes could be comprised of thin sheets of stainless steel, such as 
316L stainless steel, and the steel structures may be etched, stamped or otherwise formed 
as required or desired for a particular embodiment. The metal electrode surfaces may be 
covered by a thin, dielectric material to avoid shorting the electrodes, and to prevent cor- 
rosion. Alternatively, a conductive polymer may be formed using methods known to 
those skilled in the art to form the openings. 

For example, in accordance with a method of the present invention, the fixed 
electrodes may be formed by hot stamping a nonconductive layer over a conductive hot 
stamp foil on an injection molded base. Operation steps are to mold the plastic part, hot 
stamp conductive foil on an area of the non-conductive plastic part to provide for electro- 
static actuation. A non-conductive material is then hot stamped over the conductive foil 
to provide electrical insulation and to prevent corrosion. Then, conductive foil is hot 
stamped on the area for electrostatic actuation. A non-conductive stamp is then hot 
stamped over a first stamp to provide electrical insulation and prevent corrosion. The 
second hot stamp can be replaced with any process that covers the part with a noncon- 
ductive coating, such as Parylene. 
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In the assembly process, the diaphragms are placed within the spaces between the 
individual electrodes, and the two electrodesl20 and 130 (Fig. 1) are bonded together. 
Typically, the bonding will be accomplished in the area between the shutters, such as the 
area designated by the reference character 1 10 in Fig. 1 . The entire resulting structure is 
relatively thin, on the order of 0.02 inches, and as noted, requires no external support 
other than perimeter sealing. 

The operation of the electrostatically-actuated shutter of the present invention is 
illustrated in greater detail in Figs. 4A-4C. For simplicity, actuation is described with 
respect to one shutter, but it may employed with multiple shutters. As illustrated in Fig. 
4A, the shutter 400 includes the centrally-disposed diaphragm 402, which has openings 
404 and 406. A first fixed electrode 410 contains the fiiel delivery exit port 420. In ac- 
cordance with the illustrative embodiment of the present invention, the first fixed elec- 
trode 410 is electrically connected such that it is at a voltage such as V , . The second 
fixed electrode 440 has openings 414 and 416 and it is held a separate voltage, V ^ . The 
centrally disposed diaphragm 402 is coupled with driver 450, which is capable of apply- 
ing a voltage to the diaphragm, to establish a voltage differential between the diaphragm 
and one of the electrodes. 

Fig. 4B illustrates the closed position of the shutter of the present invention. The 
shutter 400 has a first fixed electrode 410 and a second fixed electrode 440. As illus- 
trated in Fig. 4B, a driver 450 sets the voltage of the diaphragm 402, to be equal to V 2 . 
In this case, the diaphragm 402 is attracted to the first fixed electrode 410, because it is at 
the opposite voltage V 2 . The central portion 405 of the diaphragm 402 thus blocks the 
fuel delivery exit port 420 and thereby provides a seal against fuel (or other gas) flow 
through the shutter 400, and thus in the anode embodiment shuts off fuel flow and the 
shutter 400 is in a closed position. 

In Fig. 4C, the driver 450 pulls the diaphragm 402 to V j , which draws the dia- 
phragm 402 to the opposite electrode 440, which is at. V2Here, the shutter 400 is in an 
open position allowing fuel vapor or other fluids to flow through. 
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In accordance with yet a further aspect of the present invention, illustrated in Fig. 
4D, each fixed electrode 410, 440 is connected to its own driver 452, 454, respectively, 
such that the voltage of each electrode can be changed as desired throughout the opera- 
tion of the system. If a vohage is applied between the diaphragm and one of the rigid 
electrodes, an electrostatic attraction force will pull the diaphragm to that electrode. The 
opposite electrode is driven to the same potential as the diaphragm in order not to have 
any attractive force. Reversing the potentials between the two rigid electrodes causes the 
diaphragm to move to the opposite electrode. 

Various alternative embodiments of the invention will now be described. Refer- 
ring to Figs. 4E and 4F, a dual diaphragm configuration is illustrated. The dual dia- 
phragm shutter 460 has two back-to-back diaphragms 462, 464 each with an array of 
non-overlapping openings. Next to each of the diaphragms is a fixed electrode 466, 468, 
respectively, which has openings in it that line up with the diaphragm closest to it. When 
a voltage is applied between the two diaphragms 462 and 464 while connecting each 
fixed electrode to the same voltage as its nearest diaphragm, the two diaphragms will at- 
tract to each other and the shutter will be off, as shown in Fig. 4E. When the two dia- 
phragms 462 and 464 are connected to the same voltage and the outer fixed electrodes are 
held at a different voltage, each diaphragm will be attracted to its nearest fixed electrode, 
pullmg the diaphragms apart and opening the shutter as shown in Fig. 4F. The advantage 
of this embodiment is that the seal is diaphragm to diaphragm that is expected to be very 
good. 

Fig. 4G illustrates another embodiment of the shutter of the present invention in 
which the shutter is normally closed. The normally closed shutter 470 has a first fixed 
electrode 472 that is generally flat compared to the second fixed electrode 474, which has 
a dome-shape. The diaphragm 476 is held in the closed position (as shown) without 
electricity, with a mechanism or force to hold it in position, i.e., the closed position. 
Then, when a potential difference is applied between the diaphragm 476 and the electrode 
474, the diaphragm is pulled away from the fixed electrode 472 toward the electrode 474 
and the openings (e.g., 478, 479) match up to open the shutter 470 and allow the flow of 
vapors and gases therethrough. 
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In accordance with another aspect of the invention, the shutter can be designed as 
a single unit 480 (Fig. 4H) that is placed over the membrane electrode assembly 
("MEA") 482 in the vapor chamber484 of the fuel cell. In this way, the diaphragm 486 
can be used to seal the openings 487, 488 and close the vapor chamber to control the flow 
of fuel to the MEA 482. It should be understood that the MEA 482 includes one or more 
MEAs disposed on a single plane in an array of fuel cells. 

Another embodiment of the invention is illustrated in Figs. 5A-5E. In Fig. 5A, a 
diaphragm 502 is sandwiched between a first fixed electrode 504 which is disposed in the 
embodiment shown on the fuel side of the shutter, and a second fixed electrode 506, 
which is disposed on the fuel cell side of the shutter. As best illustrated in Fig.5B, the 
diaphragm 502 is held close to the fixed electrode 504 at one end 508 and is held close to 
the other fixed electrode 506 at the other end 510. A plurality of strips, such as the strip 
512 covers openings in one of the fixed electrodes but does not cover openings (or slots) 
in the other fixed electrode. In this configuration, the diaphragm 502 has a high actuation 
force due to the close proximity of the diaphragm to the attracting electrode. The dia- 
phragm will peel away from the surface it is on to the attracting surface upon actuation 
starting from the end of the attracting electrode to which it is then held. In the closed 
state (Fig. 5C) the strips (such as 512, 514) touch the electrode with openings (520) and 
covers the openings. In the open state (Fig. 5B), the strips 512, 514 touch the opposing 
electrode 504 and the vapor transports around the sides of the strips through openings (or 
slots) in the opposing electrode. 

Fig. 5D is a sectional illustration taken along lines A-A of Fig. 5B and it shows 
the fluid path indicated by the arrow D as opened thus allowing fluid to flow through the 
slot 534 in the first fixed electrode 534 through an opening 530 in the diaphragm 502, 
and through an opening 536 in the second fixed electrode 506. It should be understood 
that there are many such fluid flow paths in the device of Fig. 5D. 

Fig. 5E illustrates the closed position in which the fluid path is block when the 
diaphragm 502 is positioned to block the openings in the cell side fixed electrode 506. 

This embodiment of the invention may also incorporate a dual diaphragm con- 
figuration if desired in a particular application of the invention. 
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Any shutter embodiment can be arranged into an array of separately actuated 
shutters, (each controlled by its own driver circuit). For example, there could be a sepa- 
rately actuated shutter for each fuel cell in an array and this would allow a control system 
to balance operation among fuel cells. 

The direct methanol fuel cell system may include a hybridizing battery and under 
most circumstances power to operate the shutter comes from the direct methanol fuel cell 
system, but there may be instances where the power is obtained from an extemal source. 

The frequency of the operation of the electrostatically actuated shutter can be 
controlled by an associated device, which operates in a pulse-width modulation (PWM) 
and/or pulse-frequency modulation (PFM) mode for establishing a temporally uniform 
feed rate. In this way, the on versus off ratio, i.e., the open versus closed ratio of the 
electrostatically-actuated shutter can be finely tuned to quantitatively control the fuel va- 
por delivery rate. There are also full opened or fully closed positions that can be used in 
appropriate circumstances. The ability of the shutter to actuate quickly and have a large 
vapor transport area may enable closed loop cell recovery control techniques to be em- 
ployed. An example of this would include fiiUy opening/actuating the shutter when a low 
cell voltage is detected. The device is a comparatively low power solution for controlling 
the rate of fuel delivery to the anode aspect of the fiiel cell. 

The electrostatically actuated shutter of the present invention can be placed within 
a fuel cell system and this is illustrated in Fig. 6A. In the illustration of Fig. 6A, the 
electrostatically-actuated shutter 600ais within a fuel cell system 602 that contains a va- 
por chamber, for example, 606. The fuel cell 612 has a membrane electrode assembly 
fabricated using methods and materials known to one skilled in the art. The membrane 
electrode assembly includes, as discussed herein, a protonically-conductive membrane 
such as Nafion®. The membrane also includes a catalyst, which is in close proximity 
and preferably in intimate contact with each of the major surfaces of the membrane thus 
forming a catalyzed membrane electrolyte 613. Diffusion layers such as anode diffusion 
layer 615 and cathode diffusion layer 617 may also be included. Current collectors 619A 
and 619B, typically comprised of an open conductive structure such as a metallic mesh 
that is used to collect and conduct electrons through a load 620, which utilizes the power 
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produced by the fiiel cell 612 as needed in a particular application. An optional cathode 
filter 624 may also be provided between the cathode of the fuel cell and the ambient envi- 
ronment. The A highly concentrated methanol vapor contained within the fuel refill 610 
provides a vaporous fuel feed to the vapor chamber next to anode of the fuel cell 612. 
The fuel substance may be a methanol vapor or it may be a gel fuel that releases metha- 
nol vapor. The rate of this fuel feed is regulated by the electrostatically-actuated shutter 
600A of the present invention. The shutter, in turn, can be controlled by an associated 
device that can be operated in a PWM and/or PFM mode for a controlled temporally imi- 
form feed rate. As the shutter opens and closes, not only does it control the fuel flow 
through the fuel delivery exit port 603, but it can provide turbulence to aid in stirring the 
vapor when it is in the vapor chamber 606. 

In accordance with yet a further aspect of the present invention, the electrostati- 
cally-actuated shutter could have, as one of its fixed electrodes, the anode current collec- 
tor, for example, 61 9a. If the anode current collector 61 9a is at a high voltage compared 
to the diaphragms within the shutter 600a the electrostatically-actuated diaphragm of the 
shutter is driven to the anode current collector 619a to thereby close the shutter, or could 
be drawn to an opposite electrode to open it. 

Alternatively, there may be circumstances in which it is desirable to manufacture 
the shutter within the fuel refill. This embodiment of the invention is illustrated in Fig, 
6B, in which like components are designated by the same reference characters as in Fig. 
6A. In the embodiment of Fig. 6B, the electrostatically-actuated shutter 600b of the pres- 
ent invention is contained within the fuel refill 610. The shutter thus delivers fuel to the 
vapor chamber 606 in a controlled fashion in accordance with the principles of the inven- 
tion just described. In addition, however, the shutter can be xised to maintain fuel in the 
refill prior to use and/or it can retain unspent fuel in a fiiel refill that is removed after use 
if the shutter is normally closed or otherwise sealed until it is introduced to the fuel cell 
system. 

Yet a further embodiment of the invention is illustrated in Fig. 7, in which like 
components are designated by the same reference characters as in Fig. 6A. In the em- 
bodiment of Fig. 7, the electrostatically-actuated shutter 700 of the present invention is 
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placed on the cathode aspect of the fixel cell system 602 contiguous to the cathode filter 
624. In this configuration, the shutter 700 functions to manage the water content in the 
area of the cathode of the fuel cell 612. As known to those skilled in the art, the mem- 
brane electrolyte 613 needs to be adequately hydrated in order to function properly. In 
the fuel cell system of Fig. 7, the shutter 700, when in a closed position maintains water 
in the cathode area in order to reduce the possibility of the membrane drying out. The 
shutter 700 can be then be opened in circxmistances in which the cathode region contains 
sufficient water. If excess water builds up, the shutter can remain open longer in order to 
prevent cathode flooding. It may be further desirable to integrate the cathode shutter and 
the cathode filter into a single component for improved results such as to make it more 
open to change the permeability of oxygen and water vapor to the cathode and would be 
optimized for different environmental conditions. 

It should be understood that the embodiments of Figs. 6A, 6B and 7 can be com- 
bined in various ways. For example, it may be desirable to have a shutter in the fiiel refill 
(Fig. 6B) so that it can remain closed when not coimected to the fuel cell, and there may 
still be a need for shutter within the fuel cell system (Fig. 6A) in case it is used with a 
fuel source that is not controllable. As such, a shutter may be contained in both the refill 
and the fuel cell, and a shutter may also be contained on the cathode side as shown in Fig. 
7, if desired in a particular application of the invention. 

It should be further understood that the device and associated method of the pres- 
ent invention provide a solution for controlling vapor and gas flow throughout a fuel cell 
system without a mechanical actuators or motors required. In addition, there are no ex- 
ternally moving parts. The device is a comparatively low power solution for controlling 
the rate of fuel delivery to the anode aspect of the fuel cell, and for controlling air or oxy- 
gen entry into the cathode aspect. The device of the present invention further provides an 
improved seal against unwanted fuel and/or water leakage. 

What is claimed is: 
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